The ignition resistance was investigated for CaO added Mg-Al alloys. The ignition resistance was examined by DTA for quantitative data, furnace chip ignition test for the safety of machined chips and torch ignition test for safety of products. The ignition resistances under all conditions greatly increased by CaO addition. AES depth profile was performed to evaluate the ignition resistance in terms of surface oxide stability. In the case of Mg-Al alloy without CaO, there was the thick and porous MgO oxide layer on the surface. The depth profile for CaO added Mg-Al Mg alloys indicated that the surface consisted of the thin and dense oxide layer mixed with MgO and CaO.
Introduction
Mg alloys are easily oxidized and burned when they are exposed to high temperature of fire. [1] [2] [3] Ignition of Mg alloys has been studied for the past several decades but has received little attention in the recent past. Various ignition tests for safety of Mg alloys have been developed to investigate ignition resistance of Mg alloys. Ignition tests are to investigate the effect of test methods, test environments and specimen shapes on the ignition resistance for obtaining quantitative data. Test methods are furnace chip ignition test, DTA, and torch test. The furnace chip ignition test is useful to verify the safety of burrs by diecasting and machined chips. For furnace chip ignition test, the thickness of chips, that is, the used tool kinds, the amount of chips, and the degree of compaction should be stated for quantification. DTA is the best method for quantitative data and accurate control of heating rate. In terms of accuracy by DTA, specimen prepares for sphere shape without edge and very small piece under 2 mg, otherwise the ignition occurs in several times. Torch ignition test is for the safety of products. Test environments for ignition resistance of Mg alloys are investigated in ambient atmosphere for actual environment, dry air without moisture, inert gas such as nitrogen, argon and etc., and oxygen gas. Specimen shapes are sphere, cubic, chip, and plate. The heating rate for DTA test, the furnace temperature for furnace chip ignition test, and flame temperature for torch ignition test should also be stated.
Fire-retardant solution for Mg products of various applications in terms of preventing poisonous gas generation, inhalation burn, and ignition generation has been studied by developing CaO added Mg alloys. CaO added Mg alloys are cost effective due to the low cost of CaO and, furthermore, CaO addition can be applied to cast Mg alloys such as AM60, AZ91D etc. without changing alloys' original process abilities such as fluidity, hot tearing susceptibility, and die soldering tendency. [4] [5] [6] [7] [8] CaO added Mg alloys are Eco-Mg (Environment COnscious magnesium) by eliminating global warming SF 6 gas or reducing other protective gases such as NOVECÔ612 and HFC-134a and eliminating Be addition as well as by ensuring safety during manufacturing and application. In addition to improved oxidation resistance of CaO added Mg alloys, improved melt cleanliness by reducing inclusion formation is maintained during various casting process such as melting, holding, transferring, pouring and filling process. This paper discusses the results of the ignition resistance of CaO added Mg-Al Mg alloy produced under non-SF 6 atmosphere. The ignition resistance was evaluated by three methods: furnace chip ignition test for burr and chip ignition temperature data, quantitative DTA with respect to test environment, and torch ignition test for manufactured products.
Experimental Procedures
Mg-Al alloys were melted in a steel crucible in an electric resistance furnace under SF 6 and CO 2 gases. The desired fraction of CaO was added into molten Mg-Al alloys. The CaO added Mg-Al melts were cast into a steel mold preheated at 473 K. Chemical compositions were determined by ICP-mass spectrometer. Ignition tests were evaluated by three methods: furnace chip ignition test for burrs and machined chips, quantitative DTA, and torch ignition test for products. The Mg-Al alloy chips for furnace chip ignition test were prepared from the as-cast product by drilling without cutting oil. Chips on a copper boat were inserted into an electric resistance furnace at 1,073 K and 1,173 K in an ambient atmosphere. Temperature change was monitored by a thermocouple equipped with the copper boat and ignition was detected by abrupt temperature rise. The obtained ignition temperatures were based on the average of 10 tests. The sample weight for DTA test was about 1 mg and the heating rate was 10 K/min. DTA was carried out under dry air atmospheres. Torch ignition test for ignition temperature data for manufactured products was carried out under an ambient atmosphere. Torch ignition test was photographed for ignition time and ignition tendency at real time. The obtained ignition time was based on the average of 3 tests. Figure 1 shows the results of chip ignition temperatures of pure Mg, AZ31, AM60, and AZ91 with CaO under an ambient atmosphere at 1,073 K. Figure 1(a) shows the results of the chip ignition temperatures of pure Mg with CaO under an ambient atmosphere at 1,073 K. The ignition is the initiation of burning, the process by which Mg alloys are oxidized at a rapid rate. With increasing CaO contents, the ignition temperatures of CaO added pure Mg increased. The ignition temperature of 0.1 mass%CaO added pure Mg was much higher than that of pure Mg. With increasing CaO contents, the ignition temperatures of CaO added pure Mg increased in proportion to Ca contents and then were saturated over about 0.7 mass% Ca. The ignition temperatures of CaO added AZ31 Mg alloy were much higher than that of AZ31 Mg alloy as shown in Fig. 1(b) . The ignition temperature of AZ31 Mg alloy was 856 K. The ignition temperatures of 0.14 mass%CaO added AZ31, 0.82 mass%-CaO added AZ31, and 1.5 mass%CaO added AZ31 Mg alloys were 903 K, 916 K, and 926 K, respectively. The ignition temperatures of CaO added AZ31 Mg alloys increased in proportion to Ca contents and then were saturated over about 0.6 mass%Ca. Mg alloys under an ambient atmosphere. The ignition temperature of AZ91 Mg alloy was 840 K. The ignition temperatures of 0.14 mass%CaO added AZ91, 1.02 mass%-CaO added AZ91, and 1.5 mass%CaO added AZ91 Mg alloys were 876 K, 889 K, and 889 K, respectively. The ignition temperatures of CaO added AZ91 Mg alloys increased in proportion to Ca contents and then were saturated over about 0.2 mass%Ca. The ignition of Mg was occurred because of porous MgO surface oxide film at high temperature and it could be explained though PillingBedworth ratio, R. MgO oxide film on surface of molten Mg could not act as a protective layer to prevent ignition of Mg due to its R (0.83) which is lower than 1. It has been reported that ignition of CaO added Mg was suppressed due to the dense film which consisted of porous CaO (0.78) and MgO (0.83) as shown in Fig. 2 . However, it could not be explained by Pilling-Bedworth theory. 9) These results of the ignition resistances for pure Mg, AZ31, AM60, and AZ91 Mg alloys might indicate that small CaO addition was of interest for fire-retardation of process burrs and machined chips of cast and wrought Mg alloys.
Results and Discussion
Park et al. studied the ignition temperature of Ca added pure Mg. 10) Ca added pure Mg solidified first as -phase of Ca solid solution and then as divorce eutectic phase of Mg and Mg 2 Ca.
11) The ignition temperature increased in proportion to Ca contents and then was saturated over about 1 mass% Ca. According to study of Park et al., the ignition temperature of Ca added pure Mg alloy was improved due to only -phase of Ca solid solution, but Mg 2 Ca in eutectic phase had no effect for improving ignition temperature. Ha et al. studied the ignition temperatures of CaO added pure Mg. cases. The important fact is that the ignition temperature at 1,173 K continuously increased until 918 K and then was saturated, while the ignition temperature at 1,073 K was saturated at 878 K. It can be concluded that the ignition temperature in the furnace chip ignition test is controlled by the total contents of Ca-based phases and the furnace temperature, regardless of the types of Ca-based phases. Figure 4 compares the results of the chip ignition temperatures for AZ31, AM60, and AZ91 Mg alloys without CaO and with CaO as a function of Al contents under an ambient atmosphere. With increasing Al contents, the ignition temperatures of CaO added Mg-Al Mg alloys decreased. Figure 4 shows clearly the linear relationship between the ignition temperature and Al contents. The ignition temperatures of all 1 mass%CaO added Mg-Al Mg alloys increased at about 60 K compared with Mg-Al alloys without CaO. With increasing CaO contents, Al contents in Mg alloy decreased due to Al 2 Ca formation and then solidus and liquidus temperatures increased due to decreasing Al contents in Mg alloy as shown in Fig. 5 . Figure 6 shows the results of DTA for CaO added AZ31, CaO added AM60, and CaO added AZ91 Mg alloys under dry air atmosphere. Considering the excellent fire-proof performance of CaO added AZ31 Mg alloys, the ignition temperatures of CaO added AZ31 Mg alloys increased with increasing CaO contents as shown in Fig. 6(a) Fig. 8 . Figure 9 shows the results of torch ignition tests for AZ91 and 0.3 mass%CaO added AZ91 Mg alloys under an ambient atmosphere. The diecast product was continuously heated by torch until the ignition occurred. The ignition time was defined at the time when the diecast product was ignited. Part of diecast product was slowly melted by torch and part of molten Mg alloys was ignited. The ignition time of AZ91 and 0.3 mass%CaO added AZ91 Mg alloys were 70 seconds and 210 seconds, respectively. This result might indicate that small CaO addition was of interest for fire-retardant Mg products when they were exposed to a fire or a spark under an ambient atmosphere. After the ignition, the fire of 0.3 mass%-CaO added AZ91 Mg alloy was extinguished. However, the fire of AZ91 Mg alloy continuously propagated by selfheating. The behavior of the ignition by torch was discussed from AES results as shown in Fig. 10 . Figure 10 shows the AES depth profile sputtered form the surface of diecastings. In diecastings of AZ91 Mg alloy, it was confirmed that there was a thick MgO oxide layer on the surface because the concentration of Mg and O were constant for sputtering time.
In diecastings of 0.3 mass%CaO added AZ91 Mg alloy, there was the thin oxide layers mixed with MgO and CaO. The mixed MgO and CaO oxide layer, generated by CaO, exhibits protective behavior below about, while weight gain by oxidation is accelerated with respect to temperature above 773 K because of porous MgO surface oxide film at high temperature.
Conclusion
The ignition test of Mg and Mg-Al Mg alloys (pure Mg, AZ31, AM60, and AZ91) with CaO addition through the furnace chip ignition test, DTA under dry air, and torch ignition test under an ambient atmosphere has been investigated. From the furnace chip ignition results, the ignition temperature at 1,173 K continuously increased until 918 K and then was saturated, while the ignition temperature at 1,073 K was saturated at 878 K. It can be concluded that the ignition temperature in the furnace chip ignition test is controlled by the total contents of Ca-based phases and the furnace temperature, regardless of the types of Ca-based phases. Results of the furnace chip ignition test could be seen that the effect of small CaO additions was of interest for fireretardation of process burrs and machined chips of cast and wrought Mg alloys. From the results of DTA, the ignition temperature increased with increasing CaO amount and decreased with increasing Al contents. The DTA ignition temperatures of 1.22 mass%CaO added AZ31, 2.5 mass%-CaO added AM60, and 1.5 mass%CaO added AZ91 reached 1,450 K, 1,434 K, and 1,415 K, respectively. It could be explained by the increased Al 2 Ca phase fraction together with decreasing eutectic -phase on the grain boundary. From torch test results, the ignition resistance by CaO addition in Mg-Al alloys was greatly improved. The ignition temperature of Mg-Al alloys with CaO was suppressed due to the mixed dense CaO and MgO surface films. This result might indicate that proper amount of CaO addition was of interest for fire-proof Mg products when they were exposed to a fire or a spark under an ambient atmosphere. CaO added Mg alloys (Eco-Mg) will be low-cost and fire-proof Mg alloys for airplane and train applications in terms of preventing poisonous gas generation, inhalation burn, and ignition generation. 
